Why the high lying glueball does not mix with the neighbouring /q. 
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Chiral symmetry restoration in high-lying hadron spectra implies that hadrons which belong to 
different irreducible representations of the parity-chiral group cannot mix. This explains why the 
/o(2102 ± 13), which was suggested to be a glueball, and hence must belong to the scalar (0,0) 
representation of the chiral group, cannot mix with the neighbouring /o(2040 ± 38), which was 
interpreted as a nn state, and that belongs to the (1/2, 1/2) representation of the chiral group. If 
confirmed, then we have an access to a "true" glueball of QCD. 
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I. INTRODUCTION 

The puzzle of the ++ fo resonances has attracted a 
significant attention for the last decade (for recent re- 
views and references see [1-3]). The reason is that there 
have been discovered more fo mesons than can be acco- 
modated by the quark model. This also fits with the ex- 
pectations that there should be a glueball state with the 
same quantum numbers around the 1.5 GeV region . And 
indeed, an analysis of numerous available experimental 
data suggests that / (1370) is mostly a nn = uu +^ d 

state, /o(1710) is mostly a ss state and /o(1500) is dom- 
inantly a glueball [4]. Other alternatives have also been 
discussed [5] . The decay modes of these mesons suggest 
that the physical mesons above are some mixtures of the 
pure quark-antiquark and glueball states. 

Recently there have appeared results of the partial 
wave analysis of the mesonic resonances obtained in the 
pp annihilation at LEAR in the region 1.8-2.4 GeV [6-8]. 
In particular, four high-lying fo have been reported: 



/o(1770± 12), / (2040±38), / (2102± 13), / (2337± 14). 

It has been suggested that /o(2102±13) should be a glue- 
ball, while / (1770±12), / (2040±38) and / (2337±14) 
are nn states. Motivation for such an interpretation was 
the following: (i) all these states are observed in pp, 
hence according to OZI rule they cannot be ss states; 
(ii) /o(2102± 13) decays more strongly to r\r\ than to 7T7t. 
It requires a large mixing angle, in contrast to the other 
three fo states. It can be interpreted naturally only if 
/o(2102 ± 13) is not a nn state, but a glueball. 

If /o(2102 ± 13) is a glueball, a question then arises 
as why it does not mix with the neighbouring broad 
/o(2040±38), which is supposed to be a nn state? "When 



a particle is observed experimentally it does not come la- 
beled "quark-antiquark" or "glueball", nor is there any 
strict objective criterion to distinguish them. The whole 
distinction is tied up with the naive quark model, which 
has no firm basis in quantum field theory, and ignores the 
inevitability of mixing. " [9] . 

The aim of the present short note is to offer a natural 
explanation of absence of a strong mixing. It has been 
argued recently that high in the hadron spectrum the 
spontaneously broken chiral symmetry of QCD is effec- 
tively restored [10-14]*. A possible fundamental physical 
ground is that, in hadrons with large n (radial quantum 
number) or large L the semiclassical approximation must 
be valid and hence the effects of quantum fluctuations of 
the quark and gluon fields must be suppressed [16]. If 
chiral symmetry is approximately restored, then the in- 
dex of the representation of the chiral group, to which the 
given hadron belongs, becomes a good quantum number. 
Hence a mixing of hadrons that belong to different rep- 
resentations is forbidden, even though all other quantum 
numbers are the same and hadrons are close in energy. 
This then explains the absence of a strong mixing be- 
tween /o(2040±38) state, which is a member of the (1/2, 
1/2) representation of the chiral group [13], with a glue- 
ball, which belongs to a scalar representation (0,0). 



II. THE EVIDENCE AND THEORETICAL 
JUSTIFICATION OF CHIRAL SYMMETRY 
RESTORATION IN HIGH-LYING HADRONS 

We overview first a QCD-based justification of chi- 
ral symmetry restoration in high-lying spectra [11,12]. 



*e-mail address: leonid.glozman@uni-graz.at 



*This phenomenon has been refered to [15] as chiral sym- 
metry restoration of the second kind in order to distinguish it 
from the familiar phenomenon of chiral symmetry restoration 
in the QCD vacuum at high temperature and/or density. 



1 



Consider two local currents (interpolating fields) J\(x) 
and J 2 {x) which are connected by chiral transforma- 
tion, ,h(x) = UJ 2 (x)W, where U G SU{2) L x SU(2) R . 
These currents, when act on the QCD vacuum |0), create 
hadron states with quantum numbers "1" and "2", re- 
spectively. All these hadrons are the intermediate states 
in the two-point correlators 

n Ja (q)=i J d A x e-^(0\T{J a (x)J a (0)}\0) 7 (1) 

where all possible Lorentz indices (which are specific for 
a given interpolating field) have been omitted, for sim- 
plicity. At large space-like momenta Q 2 = —q 2 > the 
correlator can be adequately represented by the opera- 
tor product expansion, where all nonperturbative effects 
reside in different condensates [17]. The only effect that 
spontaneous breaking of chiral symmetry can have on the 
correlator is via the quark condensate of the vacuum, 
(qq), and higher dimensional condensates that arc not 
invariant under chiral transformation U . However, the 
contributions of all these condensates are suppressed by 
inverse powers of momenta Q 2 . This shows that at large 
space- like momenta the correlation function becomes chi- 
rally symmetric. In other words 

n h (Q) ^ Uj 2 (Q) at Q 2 ^oo. (2) 

The dispersion relation provides a connection between 
the space-like and time-like domains for the Lorentz 
scalar (or pseudoscalar) parts of the correlator. In partic- 
ular, the large Q 2 correlator is completely dominated by 
the large s spectral density p(s), which is an observable. 
Hence the large s spectral density should be insensitive 
to the chiral symmetry breaking in the vacuum and must 
satisfy 

pi(s) — » p 2 {s) at s — » oo. (3) 

This is in contrast to the low s spectral densities pi(s) 
and p 2 (s), which are very different because of the chi- 
ral symmetry breaking in the vacuum. This manifests a 
smooth chiral symmetry restoration from the low-lying 
spectrum to the high-lying spectrum (chiral symmetry 
restoration of the second kind), t 



Since the inclusive data indicate that the quark-hadron 
duality picture starts to work in the resonance region, we 
have to anticipate in this region a nontrivial implication 
of chiral symmetry. Indeed, if chiral symmetry restora- 
tion happens in the regime where the spectrum is still 
quasidiscrete (i.e. it is dominated by resonances and the 
successive resonances with the given spin are well sep- 
arated), then these resonances must fill out representa- 
tions of the parity-chiral group. There are evidences both 
in baryon [10-12] and in meson spectra [13,14] that light 
hadrons above m ~ 1.7 GeV fill out representations of the 
parity-chiral group, which arc manifest as parity doublets 
or higher chiral representations. Nevertheless, a system- 
atic experimental exploration of the high-lying hadrons 
is required in order to make definitive statements. 

While the asymptotic prediction (3) is rather robust 
(it is based only on the asymptotic freedom of QCD in 
the deep space-like domain and on the analyticity of the 
two-point correlator; earliest application of asymptotic 
freedom to e + e~ — ► hadrons is ref. [22]), it does not tell 
us which physics could be associated with the chiral sym- 
metry restoration in the isolated hadron. This question 
has been addressed in ref. [16]. One of the possibilities is 
that the chiral symmetry breaking (i.e. dynamical quark 
mass generation) is due to quantum fluctuations of the 
quark and gluon fields. This can be seen from the fact 
that the chiral symmetry breaking can be formulated via 
the Schwinger-Dyson equation. For the present context 
it is not important at all which specific gluonic interac- 
tions are the most important ones in the kernel of the 
Schwinger-Dyson equation, instantons, gluon exchanges 
or anything else. If the effects of quantum fluctuations 
of the quark and gluon fields are suppressed, then the 
dynamical mass of quarks must vanish. At large n (ra- 
dial quantum number) or at large angular momentum 
L we know that in quantum systems the effects of quan- 
tum fluctuations become indeed suppressed and the semi- 
classical approximation (WKB) must work.^ Physically, 
this approximation applies in these cases because the de 
Broglie wavelength of the valence quarks in the hadron 
is small in comparison with the size of the hadron. If 
so the chiral symmetry must be effectively restored in 



t A theoretical expectation that chiral symmetry must be re- 
stored high in the spectra is supported by the recent data 
on the difference between the vector and axial vector spec- 
tral densities. This difference has been extracted from the 
weak decays of the r-lepton by the ALEPH and OPAL col- 
laborations [18,19]. The nonzero difference is entirely from 
the spontaneous breaking of chiral symmetry. It is well seen 
from the results that while the difference is large at the 
masses of p(770) and ai(1260), it becomes very strongly re- 
duced towards m = y/s ~ 1.7 GeV. This is also seen from 



e + e~ — > hadrons, where starting approximately from the 
same energy the spectral density oscillates around perturba- 
tive QCD prediction [20]. Similarly, recent data of JLAB 
on inclusive electroproduction of baryonic resonances in the 
mass region 3.1 < M 2 < 3.9 GeV 2 are perfectly dual to deep 
inelastic data [21]. 

*For example, the Lamb shift in the hydrogen atom is en- 
tirely due to the quantum fluctuations of the electromagnetic 
and electron fields, which are the vertex correction, electron 
self-energy and the vacuum polarization diagrams. The Lamb 
shift vanishes very fast with n, ~ 1 /n 3 , and also very fast with 
L. 
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high-lying hadrons. So a very natural picture for highly 
excited hadrons is a string with bare quarks of definite 
chirality at the end-points [14]. 

III. CHIRAL QUANTUM NUMBER AS A GOOD 
QUANTUM NUMBER 

In the low-lying hadrons, where the effects of chiral 
symmetry breaking in the vacuum SU(2)l x SU(2)r — > 
SU(2)j are strong, only isospin is a good quantum num- 
ber among those that are potentially supplied by the chi- 
ral group. In the regime where chiral symmetry is (ap- 
proximately) restored a new good quantum number ap- 
pears, that characterizes a parity-chiral multiplct. This 
quantum number is an index of the irreducible repre- 
sentation of the parity-chiral group§. For example, the 
vector (p) and axial vector (a x ) mesons, in the chirally re- 
stored regime become chiral partners and fill out in pairs 
(0,1) ® (1,0) irreducible representations of the parity- 
chiral group. Their valence content is given as [14] 

p: -i(firYi? + LrYl); (4) 
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It is well seen that while the chiral symmetry is 
strongly broken low in the spectrum, the high-lying nn 
fo and 7r mesons indeed form chiral pairs (see also Fig. 
1): 



^(1300 ± 100) - / (1370t 17 °), (8) 

tt(1801±13)-/o(1770±12), (9) 

tt(2070±35) - / (2040±38), (10) 

tt(2360±25)-/o(2337±14). (II) 



V £ 



(5) 



The valence composition of nn f and n mesons in the 
chirally restored regime is 



fo: -±=(RL + LR); 



tt : -j= (RtL - LtR) . 



(6) 



(7) 



Both these mesons fill out in pairs the (1/2,1/2) represen- 
tations of the parity-chiral group [13]. The experimental 
data in the range 1.8 - 2.4 GcV are summarized in the 
Table. 



§ The irreducible representations of SU(2)l x SU(2)r can 
be labeled as (Il,Ir) with II and Ir being the isospins of 
the left and right subgroups. However, generally the states 
that belong to the given irreducible representation of the chi- 
ral group cannot be ascribed a definite parity because under 
parity transformation the left-handed quarks transform into 
the right-handed ones (and vice versa). Therefore under a 
parity operation the irreducible representation (Il,Ir) trans- 
forms into (Ir,Il)- Hence, in general, the state (or current) 
of definite parity can be constructed as a direct sum of two 
irreducible representations (Il,Ir) © (Ir,Il), which is an ir- 
reducible representation of the parity-chiral group [12]. 



A true glueball (G) has no valence quark content and 
hence must belong to the scalar representation of the 
parity-chiral group, G <~ (0, 0). 
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FIG. 1. Pion and nn fo spectra. The three highest states 
in both pion and fo spectra are taken from [6-8] . Since these 
fo states are obtained in pp and they decay predominantly 
into -K7V channel, they are considered in [6-8] as nn states. 
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If chiral symmetry is a good symmetry then the in- 
dex of the corresponding irreducible representation of the 
parity-chiral group becomes a good quantum number. 
Hence quantum mechanics forbids a mixing of the states 
that belong to different representations, even though all 
other quantum numbers coincide and states are close in 
energy. Since the true glueball by definition belongs to 
the (0, 0) representation and the approximately degener- 
ate /o and 7r mesons form the (1/2, 1/2) representation, 
they cannot be mixed. This explains why / (2102), which 
is presumably a glueball and has no partner in the pion 
spectrum, and which is very close to /o(2040), that is a 
nn state, does not mix with the latter. If confirmed by 
a detailed study of decay modes, it would be better to 
rename / (2102) as G(2102). 

Clearly the chiral restoration is not exact at masses 
of 2 GeV, so a small amount of mixing is still possible. 
Hence, it is a very important experimental task to study 
in detail decay modes and mixings of these high-lying 
states. The prize for these efforts would be that we iden- 
tify and study a "true" glueball. 

We can also look at the same problem from the other 
perspective. If a detailed study of decay modes confirmcs 
that /o(2102) is a glueball and that /o(2040) is a nn state, 
then it would be an independent confirmation of chiral 
symmetry restoration. 

As a conclusion, chiral symmetry restoration high in 
the hadron spectra provides a natural basis for the ab- 
sence of a strong mixing between those scalar mesons 
that are chiral partners of pions, and those scalar mesons, 
that represent a glueball. Then we have an opportunity 
to study a "true" glueball of QCD. 
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